Background: Interleukin-6 (IL6) is a pleiotropic pro-inflammatory and immunomodulatory cytokine which likely plays an important role in the pathogenesis of COPD. There is a functional single nucleotide polymorphism (SNP), -174G/C, in the promoter region of IL6. We hypothesized that IL6 SNPs influence susceptibility for impaired lung function and COPD in smokers.
INTRODUCTION
IL6 is a pleiotropic pro-inflammatory and immunomodulatory cytokine secreted by airway epithelial cells, alveolar macrophages, adipocytes and myocytes as well as other tissues and cells. 1, 2 The potential importance of IL6 in the pathogenesis of COPD is suggested by studies showing that high levels of serum or sputum IL6 are associated with impaired lung function or a faster decline in lung function.
1,2 IL6 has been related to skeletal muscle weakness in COPD 3 as well as to exacerbations 4 and pulmonary infections 5 in COPD patients. In addition, IL6 overexpression in the murine lung resulted in airway inflammation and emphysema-like airspace enlargement. 6 Furthermore, IL6 is an important mediator of the acute phase response and can upregulate C-reactive protein (CRP) at the transcriptional level. 7 CRP has been associated with lung function levels in healthy individuals and/or lung function decline in smoking-induced COPD. 8, 9 Taken together, these data support IL6 as an appealing candidate gene for smokinginduced lung function impairment and COPD.
The IL6 gene is located on chromosome 7p21. Previous studies have identified a functional SNP, -174G/C, in the promoter region of IL6. 10 Before initiation of the current study, a small study reported there was no association of an IL6 SNP with COPD. 11 Recently, another group showed that the IL6_-572C allele was associated with COPD. 12 Large well-designed studies with carefully-defined COPD phenotypes are required to unravel the exact role of IL6 genetic variants in the pathogenesis of COPD.
We investigated smokers with mild to moderate airflow obstruction who were participants in the Lung Health Study (LHS) cohort and hypothesized that there would be significant associations between SNPs and haplotypes in IL6 with the rate of decline and/or the level of lung function and these association would be mediated through influencing IL6 serum concentrations. The LHS cohort provides an excellent opportunity to explore associations between gene polymorphisms and haplotypes with FEV 1 % predicted 13, 14 as well as the rate of decline in FEV 1. 15,16 To validate novel associations between IL6 SNPs with lung function phenotypes, replication of results was sought in COPD cases from the National Emphysema Treatment Trial (NETT) with participants from the Normative Aging Study (NAS) serving as controls.
METHODS

Study participants:
LHS participants: A total of 1488 subjects were selected from the ~ 4,800 LHS subjects for whom DNA and serum were available. The selection generated two nested case-control studies based on the extremes of rate of decline in lung function and baseline lung function. In the decline of lung function study, we selected the 266 and 293 non-Hispanic whites with the fastest and slowest rate of decline of lung function, respectively during the 5 year follow up (arbitrary cut-off points of ≥ 3.0% predicted decrease /year and ≥ 0.4% predicted increase /year in FEV 1 were used for rapid decliners and non-decliners, respectively). The rationale to select nested case-control studies with the indicated sample sizes is that 1) this approach has the advantage of reducing cost while keeping satisfactory statistical efficiency when compared with the full cohort approach; 19, 20 2) the Common Disease/Common Variants hypothesis (CD/CV) was suggested one decade ago which states that disease susceptibility alleles of common diseases will be present at high frequencies, 21 and 3) this sample size has relatively adequate power to detect common genetic risk variants as shown in our previous power analyses. 22 The baseline lung function study consisted of the 532 and 527 participants who had the highest and lowest baseline FEV 1 % predicted, respectively (arbitrary cut-off points of FEV 1 % predicted ≥ 88.9% and ≤ 67.0% were used for the high and low baseline groups, respectively). There were 130 participants that overlapped between the two sets of nested cases and controls due to the fact that subjects in the rate of decline study group had baseline lung function within one of the categories for baseline lung function.
NETT-NAS participants: We selected 389 non-Hispanic white subjects who were enrolled in the NETT Genetics Ancillary Study. The control group was composed of 420 participants with normal spirometry from the NAS, a longitudinal study over the past four decades of healthy adult males that was initiated by the Boston Veterans Administration.
More information on the participants is included in the online supplement.
TagSNP selection and genotyping methods:
In the LHS, 5 tagSNPs were chosen from the SeattleSNPs database using the LDSelect program based on a relatively stringent LD threshold of r 2 ≥ 0.8 and minor allele frequency cutoff of 10%. An additional 2 SNPs selected for the NETT-NAS study were subsequently chosen for genotyping in the decline of lung function study, in order to make the two studies more comparable. The nomenclature for the polymorphisms utilized in the study is summarized in Table E1 in the online supplement. SNP genotyping was performed using the TaqMan method (Applied Biosystems, Foster City, CA) for 5 tagSNPs and the Illumina Bead Array System for additional 2 SNPs. The positions of the selected and successfully genotyped 5 tagSNPs are shown in Figure 1 .
In the NETT-NAS, the same criteria were used to select six LD-tagging IL6 SNPs and three additional IL6 SNPs were also selected for genotyping. The SNPs were genotyped on an Illumina BeadStation 500G System utilizing the GoldenGate assay technology (Illumina Golden Gate Assay, San Diego, CA).
SNP selection criteria are shown in more detail in the online supplement.
Measurements of serum IL6 concentration in the LHS participants:
After collection, the blood samples were separated into their various components and shipped to the LHS data co-coordinating center on dry ice and were kept in -70°C freezers until use. The serum samples were thawed once for IL6 measurements. The concentrations of IL6 were measured using a highly sensitive chemiluminescent multiplexed sandwich immunoassay (SearchLight Proteome Array System®, Rockford, IL).
Statistical Analysis:
In the LHS, Hardy-Weinberg equilibrium tests and linkage disequilibrium estimation were calculated using the genetics package for R (www.r-project.org). Multiple logistic regressions for rate of decline and baseline lung function were performed to test for the association with IL6 SNPs and with IL6 serum levels. Confounding factors included body mass index (BMI), age, gender, pack years of smoking, and smoking status. Multiple linear regression was performed for the complete data set to test for association of IL6 SNPs with log IL6 serum levels. Haplotype analysis was done using the R hapassoc package.
In the NETT-NAS, similar analyses were performed with SAS Genetics (Cary, NC).
Statistical Analysis is described in more detail in the online supplement.
RESULTS
Characteristics of the study participants:
In the total of 1488 participants from the LHS, genotyping success rates were 96.4% to 98.6% for the 5 studied IL6 tagSNPs in all subjects and 97.9% for additional 2 SNPs in the rate of decline study. The demographic characteristics are shown in Table 1 . There were significant differences in several potential confounding factors, such as age, gender, pack years of smoking, and smoking status between study groups. Therefore, multiple regressions were performed to adjust for relevant confounding factors.
In the total of 809 participants in the NETT-NAS, the genotype call rate for IL6_615A/G (rs2069832) was 85%; for all other SNPs the call rates were > 97%. The demographic characteristics for the study groups are shown in Table 2 . The linkage disequilibrium pattern, Hardy-Weinberg disequilibrium and performance of tagSNPs:
The LD pattern of the five IL6 tagSNPs in the full set of 1488 LHS study participants is shown in Figure 2A The r 2 values were from 0.04 to 0.89. It is worth noting that the r 2 values between IL6_-1479 (rs2069825) and IL6_-174 (rs1800795) as well as IL6_3331 (rs2069845) and IL6_-174 were greater than 0.86, which indicates that it is necessary to genotype only one of these 3 SNPs. The LD patterns of the low and high lung function subgroups were similar to that of all subjects (data not shown), as were those of the fast and non-decline subgroups, the LD pattern of all 7 SNPs genotyped in fast and non-decline subgroups are shown in Figure 2B . All the studied SNPs were in Hardy-Weinberg equilibrium.
More information on performance of tagSNPs is included in the online supplement. Table 3 ). The well known functional SNP IL6_-174G/C (rs1800795) was among them. The frequency of the IL6_-174C allele was significantly higher in the group with rapid decline of FEV 1 than that in the non-decline group (45.2% versus 39.6%, OR 1.30, 95% CI = 1.01 -1.66, P = 0.041). The association was more significant in the genotype-based analysis (P = 0.006) with 6 out of 7 SNPs reaching a significance level of P < 0.05 (Table 3) . Table 3 : Associations of SNPs in IL6 with rate of decline of FEV1 in the LHS and association with COPD in the NETT-NAS * Genotyped in the LHS, † Genotyped in the NETT-NAS ‡ Adjustment for confounding factors such as age, gender, pack-years of smoking, and research center.
Associations of SNPs and haplotypes in the
§ As the NAS controls were uniformly male smokers with normal lung function, the models were adjusted for age and pack-years. ll The p values were from a dominant genetic model because the minor allele frequency of this SNP was very low.
It is worthwhile to note that the most significant association was found for the IL6_-1479CT in/del (rs2069825): the IL6_-1479CT deletion was associated with rapid decline of FEV 1 (p < 0.001) ( Table 3) . Three other IL6 SNPs, were not significantly associated in the additive model, but were significant in the genotype-based analysis ( Table 3 ). The IL6_-1479 CT in/del and another 2 associated IL6 SNPs were in high LD with IL6_-174G/C. Interestingly, the IL6_5909G/A and IL6_1754C/G, which were not in high LD with IL6_-174G/C and not in high LD each other (r 2 = 0.52), were also significantly associated with decline of lung function (Table  3) .
No association was found for IL6 haplotypes with rate of decline of FEV 1 ; IL6 SNPs and haplotypes were not associated with the baseline level of FEV 1 (data not shown).
Associations of IL6 SNPs and haplotypes with serum IL6 concentrations:
The associations of IL6 SNPs with serum IL6 concentrations were analyzed in all LHS subjects for 5 tagSNPs and in rate of decline study subjects for 2 additional SNPs by linear regressions adjusted for BMI, age, gender, pack years of smoking, and smoking status ( No significant association was found for IL6 SNPs with IL6 concentrations. IL6 haplotypes were also not associated with IL6 concentrations (data not shown).
Associations of serum IL6 concentrations with rate of decline and baseline FEV 1 :
As shown in Table 1 , there were no significant differences in IL6 concentrations between the rapid decline and non-decline groups or between high and low FEV 1 groups.
Replication of novel IL6 associations in the NETT-NAS participants:
In the LHS, IL6 SNPs were significantly associated with rate of decline of FEV 1 in mild COPD patients. Since rapid decline of lung function in smokers is the likely method of development of COPD we reasoned that the same SNPs would be associated with advanced COPD. To test this we used a case-control sample that has been very useful in revealing genes associated with COPD. 17, 18 In the NETT-NAS study cases had advanced COPD requiring lung volume reduction surgery and controls were derived from a population of smokers who have not developed COPD. The IL6_-174G/C and another four IL6 SNPs, which had high linkage disequilibrium with IL6_-174G/C, were associated with susceptibility to COPD (0.01 ≤ P ≤ 0.04 in additive genetic models). The IL6_-174C allele was associated with susceptibility to COPD (OR 1.3, 95% CI = 1.1 -1.7, P = 0.01 in an additive genetic model). The frequency of the IL6_-174C allele was significantly higher in the NETT group than that in the NAS group (42.0% versus 36%). The association was also significant in genotype-based analysis (P = 0.03) ( Table 3) .
DISCUSSION
There are only three studies published on associations of IL6 SNPs with COPD. Seifart et al. reported that there was no association of IL6_-174 with COPD. 11 Broekhuizen et al. did not find an association between IL6_−174 and a cachexia phenotype in COPD subjects. 23 Recently, Córdoba-Lanús et al. reported that IL6_−572 but not IL6_-174 was associated with COPD. 12 All three studies have relatively small sample sizes. The associations of IL6 SNPs with FEV 1 decline in the current study are novel and are the most significant findings among all the studies we have published utilizing the LHS cohort. [13] [14] [15] [16] [24] [25] [26] [27] To strengthen our initial finding in the LHS, we incorporated an association study of IL6 SNPs with COPD in the NETT-NAS. All SNPs that were genotyped and in high LD with the IL6_-174G/C showed significant or borderline association with rapid decline of lung function in the LHS and with COPD in the NETT-NAS. We believe that the strength of the associations, the concordant results with several SNPs in high LD with the IL6_-174G/C SNP, the available previous functional data on IL6_-174G/C, the replication in a second population and the biologic plausibility for association provide strong evidence that this is a true association.
We examined the association of IL6 SNPs with IL6 serum levels as well as relationships between IL6 serum levels and lung function decline. We did not find any associations. We also found that adjusting the associations between IL6 SNPs and lung function for serum CRP levels in the LHS had no effect on the strength of the associations (data not shown). Therefore, we did not find evidence that the associations we report were mediated through an influence on production of IL6 or CRP.
Studies that have examined the effects of IL6 SNPs on IL6 mRNA and protein expression have led to conflicting results. The first reporter gene study demonstrated that a construct containing the -174G allele had higher reporter gene expression in HeLa cells, both under basal conditions and after LPS or IL1 stimulation 10 . However, a second reporter gene study showed that a construct containing -174C had higher IL1-induced expression in HeLa cells than that of the -174G construct, although the difference did not reach statistical significance. 28 By comparison of the two different cell types, the authors concluded that there is a cell type-specific regulation of IL6 expression. 28 Nine of the most recently published studies of IL6 SNPs with circulating IL6 concentrations are summarized in Table E2 . A recent meta-analysis of 5659 subjects from seventeen studies concluded that the -174 IL6 SNP was not associated with circulating IL6 levels. 29 There are several explanations for the lack of consistent associations. First, the IL6_−174G/C polymorphism might not be a strong determinant of serum IL6 levels. Second, the serum half-life of IL6 is short. Serum IL6 levels show marked diurnal variability. 30 The blood samples for IL6 measurement in most studies, including our own, were not taken at a specific time of the day. A third explanation is that the SNPs studied may not be the actual functional SNPs. Recently, Samuel and colleagues have identified a novel IL6 transcriptional regulatory region (-5307 to -5202) much farther from the transcription initiation site than IL6_-174 31 This report coupled with more recent identification of a novel functional SNP, IL6_-6331T/C (rs10499563), with the T allele preferentially binding to Oct-1 transcription factor and producing higher reporter gene expression, provides evidence that additional functional SNPs do exist in IL6. 32 However, since IL6_-6331T/C is in low LD with IL6_-174, our finding is not likely to be explained by these new functional data.
If IL6 SNPs are not related to IL6 levels then what is the basis for their association with FEV 1 decline and COPD? One possible explanation is that the association is truly driven via local pulmonary IL6 expression or that it is driven by serum IL6 levels but that the variability and lability of serum IL6 levels obscures this relationship; FEV 1 may reflect the average IL6 levels and thus the degree of lung inflammation over the years of the study. In addition, the SNPs could influence IL6 levels and thus lung inflammation during exacerbations but not the constitutive levels during stable periods. IL6 is a pleiotropic cytokine which also modulates expression of many other genes. 33 It may be that it is the effect of the IL6 variants on these genes that is the underlying mechanism for the associations we observed.
How can we explain the observation that IL6 SNPs were not associated with baseline FEV 1 in the LHS but were associated with the presence of COPD in the NETT-NAS study? The mean age of the LHS participants was 48 years as opposed to a mean age of 68 years for the NETT-NAS participants. Baseline FEV 1 at age 48 is influenced both by maximal attained FEV 1 at ~ 25 years of age and by the rate of decline of lung function after age 25. 34 However, the relative contribution of rate of decline in lung function will be much greater by age 68 than at age 48. Thus, FEV 1 at age 68 in the NETT-NAS participants is likely to largely reflect the rate of decline of lung function during their long smoking history whereas there is likely a weaker relationship of FEV 1 decline and baseline lung function at age 48.
Compared with previous studies, strengths of this study include larger sample size and good power. This sample size has adequate power to detect common genetic risk variants as shown in our previous power analyses, for example, it has 80% power to detect a relative risk of 2.0 when the frequency of the risk factor is 10% or above. 22 There are several potential limitations of this study. Firstly, population stratification could have led to false-positive results. However, it has been reported that significant false-positive associations are unlikely to arise from population stratification in the non-Hispanic white population, especially in well-designed, moderately-sized, case-control studies such as ours. 35 In addition, there was no significant evidence of population stratification in the NETT-NAS cases and controls. 17 Second, false positive results might have arisen from multiple comparisons. However the consistent results in the NETT-NAS replication study make false positive results unlikely. Third, we have not identified the causal SNP for the associations. The identification of a novel functional SNP IL6_-6331T/C (rs10499563), which has low LD with IL6_-174G/C (rs1800795) with r 2 of 0.169 in the CEU HapMap database, indicates that the control of IL6 transcription is likely to be complex. 32 We cannot exclude the possibility that SNPs other than the IL6_-174G/C are also causal SNPs. Finally, serum IL6 levels were measured at year 5 of the LHS, therefore it may not be appropriate to link IL6 levels at year 5 with the baseline FEV 1 as well as the rate of decline of FEV 1 during 5 year follow-up.
In summary, we report associations of IL6 variants with rate of decline of lung function and with smoking-induced COPD. 
